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Abstract

The production of ultrashort (fs) X-ray pulses through Thomson scattering of high power

laser pulses off relativistic electron bunches generated by plasma-based accelerators is dis-

cussed. The electron bunches are produced with either a self-modulated laser wakefield

accelerator (SM-LWFA) or through a standard laser wakefield accelerator (LWFA) with op-

tical injection. For a SM-LWFA, the electron bunch has a high charge with a broad energy

distribution, resulting in X-ray pulse with high flux with a broadband spectrum. For a

LWFA with optical injection, the electron bunch can be ultrashort (fs) with a narrow energy

distribution, resulting in an ultrashort X-ray pulse with a nearly monochromatic spectrum.

Examples are given for sources of 3-100 fs X-ray pulses and the expected flux and brightness

of these sources are calculated and compared.
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I. INTRODUCTION

One approach to the generation of ultra-short X-ray pulses [1] is laser-based Thomson

scattering (TS), where by an intense laser pulse is scattered off a relativistic electron beam

[2]- [16]. The first demonstration of the generation of sub-picosecond duration X-ray pulses

using 90◦ TS was performed at the Beam Test Facility of the Advanced Light Source at

Lawrence Berkeley National Laboratory (LBNL) [6]- [8]. In these experiments, an X-ray

pulse duration of 300 fs (FWHM) was measured, as determined by the convolution between

the laser pulse duration (100 fs) and the crossing time of the laser across the tightly focused

electron beam (200 - 250 fs). The number of X-rays and the peak brightness of the 90◦

TS source experiments at LBNL were limited, in part, by (i) the fact that the laser pulse

only interacted with about a 100 fs long electron beam slice (or 0.3% of all the available

electrons), (ii) the relatively high transverse emittance of the electron beam and (iii) the

low peak power of the laser. To increase the photon yield and brightness of a TS source,

high quality ultra-short electron bunches are needed in conjunction with a high-power laser

system.

In this paper, TS sources are discussed that use ultra-short electron bunches produced

with laser wakefield accelerators (LWFAs) [17]. The characteristic scale length of the accel-

erating field in a plasma-based accelerator is the plasma wavelength,

λp[µm] � 3.3× 1010n−1/2
p [cm−3], (1)

where np is the plasma density. For LWFAs, the plasma density is in the range np =

1018 − 1020 cm−3, which indicates that the plasma wavelength is very short λp � 3− 30 µm

or τp = λp/c � 10− 100 fs. In a standard LWFA, an intense laser pulse of length LL ∼ λp is

used to impulsively drive a large amplitude plasma wave (wakefield) with phase velocity near

c. Short electron bunches of length Lb < λp can be injected into the wake for acceleration

to high energy. In a standard LWFA that produces a high quality electron bunch (such as

in the colliding pulse injector discussed below), the electron bunch duration is ultra-short,
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τb � τp. Hence, a LWFA in principle can generate electron bunches of fs duration. In this

case, a TS source can utilize a 180◦ (backscattering) interaction geometry to produce fs X-

ray pulses while producing high X-ray yields (in comparison to 90◦ scattering), since in the

backscatter configuration the X-ray pulse duration is approximately equal to the electron

bunch duration.

Most LWFA experiments performed to date have operated in the self-modulated laser

wakefield accelerator (SM-LWFA) regime. In the SM-LWFA [18]- [20], the plasma density

is sufficiently high (e.g., np ∼ 1020 cm−3) such that (i) the laser pulse extends over several

plasma wavelengths, LL > λp, and (ii) the laser power PL exceeds the critical power [21]

for relativistic self-focusing Pc[GW] � 17(λp/λL)
2, i.e., PL > Pc, where λL is the laser

wavelength. Once these conditions are satisfied, the laser pulse is violently unstable, which

leads to a strong modulation of the laser pulse with period λp and the generation of an

extremely large plasma wave. In fact, the wakefield becomes sufficiently large so as to self-

trap a fraction of the background plasma electrons and accelerate them to high energy. The

duration of the electron bunch is initially on the order of the laser pulse duration. Energies

up to 100 MeV have been demonstrated in several experiments [22]- [30]. However, the

energy spread is large (100%), since electrons originate from self-trapping of the background

plasma.

To achieve a high quality accelerated electron bunch, the standard LWFA can be used

in conjunction with a method for injecting short bunches (Lb < λp) into the wakefield. The

production of electron bunches with low momentum spread and good pulse-to-pulse energy

stability requires fs electron bunches to be injected with fs synchronization with respect

to the plasma wake. Although conventional electron sources (photocathode or thermionic

RF guns) have achieved sub-picosecond electron bunches, the requirements for injection

into plasma-based accelerators are presently beyond the performance of these conventional

electron sources. Novel schemes which rely on laser triggered injection of plasma electrons

into a plasma wake have been proposed to generate the required fs electron bunches [31]-

[35]. In laser injection schemes, ultra-short laser pulses are used to dephase background
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plasma electrons (which are undergoing fluid oscillations in the wake of a standard LWFA),

such that they become trapped and accelerated in the wakefield.

One laser injection method that has been proposed is the colliding pulse injector [33]- [35].

Three laser pulses are used: an intense pump pulse (denoted by subscript 1) for plasma wake

generation, a forward going injection pulse (subscript 2), and a backward going injection

pulse (subscript 3). The frequency, wavenumber, and normalized intensity are denoted by

ωi, ki, and ai (i = 1, 2, 3). Here a = eA/mc2 is the normalized vector potential of the laser

pulse, often referred to as the laser strength parameter, which is related to the laser pulse

intensity IL and wavelength λL by

a2 � 7.3× 10−19λ2
L[µm]IL[W/cm

2]. (2)

assuming linear polarization. The pump pulse (a2
1 ∼ 1) is used to generate the wake via

the standard LWFA mechanism. When the two injection pulses (a2
2 ∼ a2

3 � a2
1) collide

some distance behind the pump pulse, they generate a slow ponderomotive beat wave with

a phase velocity vpb � ∆ω/2k1 � c, where ∆ω = ω2 − ω3 and ∆ω
2 � ω2

1. During the time

in which the two injection pulses overlap, a two-stage acceleration process can occur, i.e.,

the slow beat wave injects plasma electrons into the fast wakefield for acceleration to high

energies. The colliding pulse scheme has the ability to produce fs electron bunches with low

fractional energy spreads using relatively low injection laser pulse intensities compared to

the pump laser pulse. Injection and acceleration can occur at low densities (λp/λ1 ∼ 100),

thus allowing for high single-stage energy gains. Furthermore, the colliding pulse concept

offers detailed control of the injection process: the injection phase can be controlled via

the position of the forward injection pulse, the beat phase velocity via ∆ω, the injection

energy via the pulse amplitudes, and the injection time (number of trapped electrons) via

the backward pulse duration. Estimates indicate that space charge effects can be neglected

while the bunch remains inside the plasma [34] and can be minimized for sufficiently high

energy electron beams [36].

In the following, two designs of novel ultra-short X-ray TS sources are discussed (one
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based on a SM-LWFA, the other on a colliding pulse LWFA). In Sec. 2, analytic expressions

for TS including broadening from an arbitrary energy distribution are presented. These

expressions are valid when the number of laser periods in the interaction region is large and

provide a new and efficient way to evaluate the broadened spectral flux density for the wide

range of possible energy distributions which LWFAs can produce. The limiting case of a

narrow Gaussian distribution is shown to agree with standard formulae, and the analysis is

applied in the case of 100% energy spread, where standard formulae do not apply. In Sec. 3,

TS designs using electron bunches produced via the SM-LWFA and a standard LWFA with

optical injection are compared. The SM-LWFA yields large amounts of charge having large

energy spread due to the uncontrolled trapping, and can provide X-ray flux over a large

BW in a < 100 fs pulse. The colliding pulse all-optical injector [33]- [35], which utilizes

optical methods for triggering the trapping of electrons, holds the promise to produce low

emittance electron bunches with low energy spread, which can be used to generate high

brightness X-ray pulses with a few fs pulse length.

II. PROPERTIES OF THOMSON SCATTERED X-RAYS

Thomson scattering of an intense laser beam from an electron beam is capable of pro-

ducing directed, bright, short pulses of tunable X-rays, both as a radiation source as well

as a means for diagnosing electron beams [8]. Effectively, the laser field acts as an electro-

magnetic undulator for the electron beam. Since the undulator period is determined by the

laser wavelength, ultra-short wavelength radiation (X-rays or γ-rays) can be generated using

electron beams of modest energies.

The X-ray wavelength, λx, of the radiation emitted from a single electron with relativistic

factor γ is given by

λx =
λL

2nγ2

(1 + γ2θ2 + a2/2)

(1− cosψ) , (3)

assuming γ2 � (1+a2/2), θ2 � 1, and linear polarization, where n is the harmonic number,

ψ is the angle of interaction between the laser and the electron (e.g., ψ = 180◦ for head-
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on scattering) and θ is the observation angle (relative to the initial electron trajectory).

In the low intensity limit a2 � 1, radiation is scattered only at the fundamental n = 1.

In the nonlinear limit a2 � 1, numerous harmonics are generated [3,4]. This results in a

near continuum of scattered radiation with harmonics extending out to a critical harmonic

number (e.g., ncr = 3a3/4 for ψ = 180◦), beyond which the intensity of the scattered

radiation rapidly decreases [3,4]. Note that here, because the laser photon energy in the

electron beam rest frame (γ�ωL) is much less than the electron rest energy (mc
2), Compton

recoil can indeed be neglected. Also, for relativistic electron beams, the X-ray flux is strongly

peaked in the forward direction with a radiation cone opening angle of 1/γ.

In the limit K2
L � 1, the number of X-rays scatter per electron, at all angles and

frequencies, is

Nxs = (π/3)αfa
2N∗

L, (4)

where N∗
L is the effective number of laser periods with which the electron interacts and

αf = 1/137 is the fine structure constant.

A. Single electron spectrum

The general form of d2I/dωdΩ (the energy radiated by a single electron per unit fre-

quency, dω, per unit solid angle, dΩ) is derived by integrating the Liénard-Wiechert po-

tentials over the electron motion. For a linearly polarized plane wave laser pulse with a

constant amplitude a0 and length L propagating in along the −z axis, and interacting with

an electron with a relativistic factor γ = (1 − β2)−1/2 propagating along the +z axis, the

spectral energy density is given by [3]

d2I

dωdΩ
=

∞∑
n=1

e2k2

4π2c

(
sin k̄L/2

k̄

)2

(5)

·
[
C2

x(1− sin2 θ cos2 φ) + C2
z sin

2 θ − CxCz sin 2θ cos φ
]
, (6)

where
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Cx =

∞∑
m=−∞

(−1)mk0r1Jm(αz) [Jn−2m−1(αx) + Jn−2m+1(αx)] , (7)

Cz =
∞∑

m=−∞
(−1)m2Jm(αz){β1Jn−2m(αx) (8)

+k0z1 [Jn−2m−2(αx) + Jn−2m+2(αx)] }, (9)

and Jm,n are Bessel functions with arguments

αz � na2
0(1 + cos θ)

8h2
0 [1− β1(1 + cos θ)]

, (10)

αx � na0 sin θ cosφ

h0 [1− β1(1 + cos θ)]
. (11)

Here, ω = ck is the radiated frequency, ω0 = ck0 is the laser frequency, k̄ =

k [1− β1(1 + cos θ)] − nk0, β1 = (1/2) (1− 1/M0), h0 = γ(1 + β), M0 = h2
0/(1 + a2

0/2),

r1 = a0/h0k0, and z1 = −a2
0/8h

2
0k0. The approximation k � kr was made in the Bessel

function arguments, αx and αz, where kr is the resonant frequency defined by k̄ = 0,

kr =
nk0

[1− β1(1 + cos θ)]
, (12)

and n is the harmonic number. In the limit θ2 � 1, this reduces to

kr �
nγ2(1 + β)2k0

[1 + a2
0/2 + γ

2(1 + β)2θ2/4]
. (13)

Throughout the following, the limit of low laser intensity will be considered, a2
0 � 1.

In this limit, energy is radiated primarily in only the n = 1 fundamental mode. Higher

harmonic radiation becomes significant when a0 approaches or exceeds unity [3]. In the

limit a2
0 � 1, Cx � k0r1 and Cz � β1αx. Furthermore, for highly relativistic electrons,

γ2 � 1, the radiation is confined to narrow cone angles θ2 ∼ 1/γ2 � 1. Hence, in the limits

a2
0 � 1, γ2 � 1, and θ2 � 1, the spectral energy density of the radiation is given by

d2I

dωdΩ
� remec

γ2N2
0a

2
0

(1 + γ2θ2)2

[
1− 4γ2θ2 cos2 φ

(1 + γ2θ2)2

]
R(ω, ω0), (14)

where re = e
2/mec

2 is the classical electron radius and N0 = 2πL/k0 is the number of periods

in the laser pulse.
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The resonance function, R(ω, ω0), determines many of the defining characteristics of

Thomson scattered radiation:

R(ω, ω0) =

(
sin k̄L/2

k̄L/2

)2

. (15)

For N0 � 1, the resonance function R(ω, ω0) is sharply peaked about the resonant frequency

defined by k̄ = k(1 + γ2θ2)/(4γ2) − k0 = 0, i.e., ωr = 4γ2ω0/(1 + γ
2θ2). Furthermore, the

frequency width of the resonance function is given by ∆ωr =
∫
dδωR = ωr/N0, where

δω = ω − ωr. Of particular interest is the behavior for a large number of periods, N0. In

the limit N0 → ∞, R→ ∆ωrδ(ω− ωr) = ∆γrδ(γ − γr), where ∆γr = 2γ
3
rω0/N0ω. Here, γr

is the resonant electron energy defined by k̄ = 0, i.e., γ2
r � ω/(4ω0 − ωθ2).

Of interested is the radiation collected by an axisymmetric detector placed along the

axis some distance for the interaction point. In this case, Eq. (14) can be averaged over the

azimuthal angle φ,

d2I

dωdΩ
� remecγ

2N2
0a

2
0

[
(1 + γ4θ4)

(1 + γ2θ2)4

]
R(ω, ω0). (16)

B. Spectrum for arbitrary energy distribution

In general, the computation of spectral flux density from an electron bunch, including

realistic spreads in beam parameters, is performed through convolution of the electron distri-

bution with the single electron spectral flux density. For a normalized electron distribution

function, f(γ, θe), the resulting spectral flux density of the TS radiation from an electron

beam is given by

d2IT
dωdΩ

(θ, ω) =

∫
dθedγf(θe, γ)

d2I

dωdΩ
(θ − θe, γ, ω), (17)

where θe is the angle of the electron trajectory with respect to the longitudinal axis (θ
2
e �

1 is assumed). Here, the transverse dimensions of the electron bunch at the interaction

point are assumed to be small compared to cone angle of the TS radiation at the point of
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observation. In this case, integration over the transverse dimensions of the electron bunch

can be neglected, as is done in the above expression.

The electron beams generated by different LWFA designs under current development

exhibit strongly contrasting characteristics. When the electron energy distribution is narrow,

standard formulae [2]- [8], [16] can be used to evaluate the contribution of energy spread to

figures of merit such as the on-axis flux and brightness. Such is the case for the colliding

pulse optical injection scheme [33]- [34] in the standard LWFA. However, when the energy

distribution is broad, such as for the SM-LWFA, the standard formulae cannot be applied.

They become inapplicable because the on-axis frequency, 4γ2ω0, (a
2
0 � 1, θ = 0) can change

by up to three orders of magnitude across the energy distribution, accompanied by a factor

of thirty change in the on-axis opening angle, 1/(γ
√
N0). When a

2
0 is not small compared

with unity, the situation is even more complex, as there is substantial overlap between

harmonics [3,4] radiated by the lower energy electrons of the distribution and radiation at

the fundamental by higher energy electrons.

Computations which include arbitrary electron energy distributions can be simplified by

noticing that a very large number of periods N0 is available in the interaction region (up to

1000’s), so that the intrinsic spectral line broadening at any fixed angle is essentially a delta

function compared with the contribution from the electron energy distribution for realistic

parameters. In this case, analytic expressions can be obtained for the spectral flux density

which are valid for typical electron energy distributions.

C. Spectrum for the SM-LWFA bunch

To include the effect of energy spread, the spectral flux density is integrated over the

electron energy spectrum, f(γ),

d2IT
dωdΩ

�
∫
dγf(γ)

d2I

dωdΩ
. (18)

Beam emittance is neglected since the angular width of the spectrum over the photon energies

of interest is much broader than typical beam divergences. Assume f(γ) is slowly varying
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compared to R(ω, ωr) for fixed ω. Integrating over the delta function approximation for

R(ω, ωr) in frequency (energy) yields the following analytic form for the energy integrated

spectrum

d2IT
dωdΩ

� remc

16
N0a

2
0

(
ω

ω0

)3/2

f
(
γ = (ω/4ω0)

1/2
)
, (19)

where γθ � (ω/4ω0)
1/2θ � 1 has been assumed. Integrating the above expression over

frequency ω gives

dIT
dΩ

� 4remcN0a
2
0ω0

∫
dγγ4f(γ). (20)

Of particular interest is the photon flux and brightness of the TS radiation. Assuming

that the collection angle, θd, is small (θd < (∆ω/ω)
1/2/γ < (1/N)1/2/γ) so that the intensity

distribution is flat over the solid angle ∆Ωd = πθ2
d, the number of photons intercepted in a

small bandwidth, ∆ω, about ω and solid angle, ∆Ωd, for an electron bunch with Nb electrons

is

NT =
Nb

�

d2IT
dωdΩ

∆ω

ω
πθ2

d � αf

16
NbN0a

2
0

(
ω

ω0

)3/2

f
(
γ = (ω/4ω0)

1/2
) ∆ω
ω
πθ2

d, (21)

where αf is the fine structure constant. The average flux in photons per second, Fave, in

the collection angle θd and with bandwidth ∆ω, is NT multiplied by the repetition rate,

frep, of the laser/electron beam, i.e., Fave = NTfrep. The average source brightness (in

photons/s/mm2/mrad2/0.1% BW) is given by

Bave =
Fave

(2π)2rb2θd
2
� αfNbN0a

2
0

64πr2b

(
ω

ω0

)3/2

f
(
γ = (ω/4ω0)

1/2
) ∆ω
ω
, (22)

where rb is the electron bunch radius. The peak flux and brightness are, respectively, Fpk =

Fave/(τxfrep) and Bpk = Bave/(τxfrep), where τx is the X-ray pulse duration, which is assumed

to be approximately equal to the electron bunch duration. Note that the region of validity

of Eqs. (16)-(18) is for (ω/4ω0)
1/2 ≥ γmin, where γmin is the minimum γ of the electrons in

the distribution f(γ).
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D. Spectrum for narrow energy distribution

For an electron bunch with a narrow energy spread ∆γ/γ0 � 1 about a mean energy,

γ0, and for a narrow distribution in beam angle with spread ∆θ = εn/γrb � 1, where εn

is the normalized emittance and rb the beam radius, estimates for flux and brightness have

been derived [3], [30]. In particular, the total number of photons scattered per laser-electron

bunch interaction into a small bandwidth, ∆ω/ω � 1, is approximately

NT = 2παfN0a
2
0

∆ω

ω
NbGcoll, (23)

assuming a2
0 � 1, where Nb is the number of electrons per bunch interacting with the laser

pulse. Here, Gcoll is a factor determined by the collection angle, θd, of the X-ray optics, i.e.,

Gcoll = θ
2
d/(θ

2
d + θ

2
T ) with

θT
2 �

[
(∆ω/ω)2 + (∆ω/ω)0

2 + (∆ω/ω)ε
2 + (∆ω/ω)i

2]1/2
/γ2, (24)

where (∆ω/ω)0 = 1/N0, (∆ω/ω)ε = εn
2/rb

2 and (∆ω/ω)i = 2∆γ/γ represent the contribu-

tions to the bandwidth from the finite interaction length, the beam emittance and energy

spread, respectively. The average flux is Fave = NT frep and the average brightness is

Bave =
NT frep

(2π)2σ2
rσ

2
θ

, (25)

where σr � rb and σθ � θT are the rms source size and opening angle of the radiation,

respectively, and rb � r0 has been assumed, where r0 is the laser pulse radius.

III. EXAMPLES BASED ON LWFAS

Two examples of TS sources are given, one based on the SM-LWFA and the other based

on a standard LWFA with colliding pulse injection. Both use a head-on interaction geometry.

These examples are summarized in Table I.
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Parameter Coll. Pulse SM-LWFA BTF [6]- [8]

Laser wavelength λL [µm] 0.8 0.8 0.8

Laser pulse energy UL [J] 0.5 0.6 0.04

Laser pulse duration (FWHM) τL [ps] 1 1.4 0.1

Electron beam energy γ 50 Exp. Distribn. 98

Number of electrons Nb 3× 107 3× 1010 8× 109

Electron bunch length (FWHM) τb [ps] 0.003 0.1 30

Electron spot size (FWHM) rb [µm] 6 6 90

Normalized emittance εN [mm-mrad] 1 1 30

Bandwidth δω/ω 10−3 10−3 10−3

Collection angle [mrad] 1 3 1

Repetition rate [Hz] 10 10 2

Flux (ph/s/0.1%BW) in coll. angle 5× 104 2× 105 6× 102

Ave. brightness (ph/s mm2mrad2 0.1%BW) 1.5× 108 9× 107 3× 103

Peak brightness (ph/s mm2mrad2 0.1%BW) 5× 1021 1020 1016

Tot. no. photons/s (all freq., all angles) 2× 108 3× 1011 2× 107

X-ray pulse length [fs] 3 < 100 300

X-ray photon energy [keV] 12.4 Broadband, 30

max at 2-3 keV

TABLE I. Comparison of Thomson scattering source designs using laser wakefield accelerators

and experimental results with an RF accelerator.

A. Self-Modulated Laser Wakefield Accelerator

The SM-LWFA provides short (< 100 fs), high charge (> 1010 electrons) bunches having

a broad energy distribution. Thus TS using a SM-LWFA injector will be characterized by
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high photon flux with broad bandwidth. Bunch lengthening due to space charge effects

[36] can be avoided by minimizing the propagation distance of the electron bunch before

the TS interaction, thus keeping the electron bunch length as close as possible to the laser

pulse length. Shorter drive pulse lengths combined with higher plasma densities can lead

to shorter electron bunch lengths and higher X-ray brightness. That is, decreasing the laser

pulse length L = cτL requires increasing plasma density to satisfy L > λp, and the wake

axial electric field scales roughly as Ez ∼ √
np, where np is the plasma density.

Uncontrolled trapping leads to an energy distribution of the form [24]- [30]

f(γ) = γ−1
eff exp [−(γ − γmin)/γeff ] , (26)

for γ ≥ γmin, where γmin is the minimum γ for the electrons in the distribution, γeff is

constant (a measure of the effective temperature of the distribution), and the distribution

is normalized such that integration over γ from γmin to infinity is unity. For the LBNL SM-

LWFA experimental results [30], 1/γeff � 0.15 and γmin � 3, i.e., f(γ) � 0.24 exp(−0.15γ)

for γ ≥ 3. The total charge was also at least 5 nC per bunch, or 3× 1010 particles, and was

generated with a driving pulse of 50 fs with a0 ∼ 1 at 10 Hz and a plasma density of a few

1019 cm−3.

Using these electron beam parameters, the following TS source may be designed. A 600

mJ, 1.4 ps laser pulse with a wavelength of 800 nm and a rep rate of 10 Hz is focussed to a

spot size of 6 microns. With a corresponding a0 of 0.7, about 3× 1011 photons per second

are radiated in all frequencies and all angles. The average X-ray flux (photons/s/0.1%

BW), for a collection angle of 3 mrad and 10 mrad, as well as the average brightness

(photons/s/mm2mrad2/0.1% BW), calculated with Eq. (22), as a function of photon energy

are shown in Fig. 1. The average brightness for these parameters peaks between 2 and 3

keV and has a total bandwidth of about 10 keV. As the result of the use of an ultrashort

laser pulse, the peak brightness (Bpk = Bave/τxfrep ∼ 3-4×1019 photons/s/mm2mrad2/0.1%

BW) is 12 orders of magnitude higher than the average brightness for these parameters.

The parameters and X-ray characteristics are summarized in Table 1, column 2.
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FIG. 1. The average flux (left) into 3 and 10 mrad collection angles and average brightness

(right) for the SM-LWFA-based TS design (see Table 1, column 2 for parameters) shows the

influence of the high charge per bunch (∼ 5 nC) and broad energy distribution.

The average spectral flux density, dFave/dΩ, over a range of 20 keV in photon energy and

50 mrad observation angle, in photons per second per 0.1% BW per solid angle, is shown

in Fig. 2(d) for the SM-LWFA example. Here, dFave/dΩ = (Nb/�)(d
2IT/dωdΩ)(∆ω/ω)frep ,

where d2IT/dωdΩ is found by calculating Eq. (18) numerically. Figure 2(b) shows dFave/dΩ

(blue curve) along the axis (θ = 0) versus photon energy, as well as the electron distribution

(red curve) versus γ. The higher the on-axis photon energy, corresponding to each slice in

electron energy, the lower the amplitude. Beam emittance is about 1 π mm-mrad. Hence, for

the corresponding photon divergences of ∼10 mrad, divergence broadening can be neglected

for the bulk of the emissions (photon energies less than 15 keV).

B. Colliding Pulse All-Optical Injector

This section discusses the generation of near-monochromatic X-rays using TS off electron

bunches produced with the colliding pulse laser-plasma electron source for generating truly

femtosecond electron bunches [33]- [35]. The colliding pulse TS example is summarized in

column 1 of Table 1. In this example, electron beam parameters based on the colliding pulse

14



Spectral flux density [phot/s/0.1% BW/solid angle] Spectral flux density [phot/s/0.1% BW/solid angle]

0

0.5

1

1.5

2

2.5

0

0.2

0.4

0.6

0.8

1

0 10 20 30 40 50 60

spectral flux density

Beam energy, γ, and photon energy [keV]

di
st

rib
ut

io
n 

x 
10

7

on-axis spectral flux 
density [photons/s/
0.1% BW/solid angle] 
vs photon energy [keV]

electron energy distribution 
vs beam energy, γ

0

1

2

3

4

5

0

0.2

0.4

0.6

0.8

1

0 10 20 30 40 50 60

spectral flux density

Beam energy, γ, and photon energy [keV]

di
st

rib
ut

io
n 

x 
10

9

on-axis spectral flux density 
[photons/s/0.1% BW/solid angle] 
vs photon energy [keV]

electron energy distribution 
vs beam energy, γ

Observation angle [mrad] Observation angle [mrad]

P
ho

to
n 

en
er

gy
 [k

eV
]

P
ho

to
n 

en
er

gy
 [k

eV
]

FIG. 2. Electron and X-ray properties for the colliding pulse LWFA, (a-upper left) and (c-lower

left), and SM-LWFA, (b-upper right) and (d-lower right), examples for the parameters of Table

1. The electron energy (γ) distribution (red curve) and X-ray average spectral flux density (blue

curve) along the axis (θ = 0) are show in (a) and (b). The average spectral flux density, dFave/dΩ

(1010 photons/s/0.1% BW/solid angle), as a function of photon energy (keV) and angle (θ) are

shown in (c) and (d).
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simulations discussed in Ref. [34] are used. An ultrashort (3 fs, FWHM) electron bunch

(3 × 107 electrons), with a Gaussian energy distribution characterized by a mean energy

of 25 MeV (γ = 50) and a fractional energy spread of 1% (RMS), a normalized transverse

emittance of 1 mm-mrad, and a focal radius of 6 microns (FWHM) is assumed. A 0.8

micron laser with 500 mJ energy and 1 ps duration focussed to a 6 micron spot is also

assumed. The design on-axis photon energy is 12.4 keV. For a rep rate of 10 Hz and a 1

mrad collection angle, the average brightness is about 108 photons/s/mm2mrad2/0.1% BW.

Due to the low contributions of inhomogeneous broadening, the peak brightness of 5× 1021

photons/s/mm2mrad2/0.1% BW is two orders of magnitude higher than for the SM-LWFA

in spite of 3 orders of magnitude lower total flux into all angles and frequencies. This

example indicates that this unique source, capable of producing truly femtosecond pulses,

should have sufficient flux and brightness to perform pump-probe type experiments.

The average spectral flux density, dFave/dΩ, versus photon energy and observation angle,

in photons per second per 0.1% BW per solid angle, is shown in Fig. 2(c) for the colliding

pulse LWFA example. Figure 2(a) shows dFave/dΩ (blue curve) along the axis (θ = 0)

versus photon energy, as well as the electron distribution (red curve) versus γ. The profile

in Fig. 2(c) can be thought of as a composite slice of the SM-LWFA profile of Fig. 2(d).

The energy distribution for the SM-LWFA is similar to a weighted sum of narrow energy

slices, and the topography of the spectral flux density of the SM-LWFA arises from a sum of

weighted contributions similar to that of Fig. 2(c), each having a different on-axis frequency.

Note also that because N0 is large, the spectral flux density contains a clear signature of the

energy distribution in both designs and can be used as a diagnostic.

IV. CONCLUSION

Laser wakefield accelerators provide electron bunches suitable for the production of ultra-

short, high brightness X-ray pulses through 180◦ Thomson scattering. To date the study of

ultrafast processes has largely relied on femtosecond optical pulses from mode-locked lasers.
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Since X-rays interact with core electronic levels and hence are effective structural probes,

the availability of femtosecond X-ray pulses and the intrinsic synchronization between laser

and X-ray pulses would make it possible to directly probe changes in atomic structure on

ultrafast time scales.

The self-modulated laser wakefield accelerator provides high charge (5 nC) in bunches

of less than 100 fs at 100% energy spread (the bulk of the distribution is at energies of a

couple of MeV with a exponential tail extending out to tens of MeV). The TS spectrum

and spatial profile is characteristically broad. Based on current measured values for such

electron bunches, a design having a0 < 1 which sets the bulk of the photon energies in

the range of a few keV has been described. Peak brightnesses are predicted to exceed 1019

photons/s/mm2mrad2/0.1% BW.

The proposed colliding pulse optical injection scheme has the ability to produce electron

bunches of a few fs, having low energy spread and emittance. While charge levels are lower

than for the SM-LWFA, low energy spread and divergence enables an increase of two orders

of magnitude in peak brightness.

Although summarizing source performance using a single number (e.g., peak brightness)

can be useful for some applications, proper evaluation must be made based on the type of

experiment and its requirements, as well as on the ease of implementation and available

infrastructure. These laser-plasma electron beam sources offer some unique advantages:

(1) TS based sources can produce tunable ultra-short X-ray pulses using relatively low

energy electron beams. (2) The source parameters such as photon energy, brightness, and

bandwidth, are controllable through electron beam and laser parameters. For example,

rapid polarization and wavelength control is possible through the laser polarization and

wavelength tuning, respectively. (3) The X-ray pulse length is controllable through the

laser pulse length, electron bunch length, and interaction geometry. (4) These laser-plasma

methods provide perfect synchronization between the laser pulse, electron bunch, and X-ray

pulse.

In addition to TS as an X-ray source, TS has utility as a novel electron beam diagnostic

17



technique. The use of short-pulse TS at 90 degrees as a diagnostic for electron bunches with

low energy spread has already been demonstrated by Leemans et al. [8]. In addition, TS can

be a useful diagnostic for electron bunches with large energy spread. As is evident for Eqs.

(19)-(22), a measurement of the spectrum, flux, or brightness as a function of ω is an indirect

measurement of the electron energy spectrum f(γ), e.g., d2IT/dωdΩ ∼ ω̂3/2f(γ = ω̂1/2),

where ω̂ = ω/4ω0.

These laser-plasma sources of X-rays are of table-top size. The major equipment required

for such a source is a high power, chirp-pulse amplification laser system, which is becoming

commonplace [37]. However, for all laser-plasma sources, laser repetition rate and average

power have been some of the main limitations. Future research into the development of high

average power lasers, as well as optical storage cavities for ultra-short pulses, would have a

tremendous impact on the scientific reach of these laser-plasma based sources.
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